Far-field super-resolution microscopy is a rapidly emerging method that is opening up opportunities for biological imaging beyond the optical diffraction limit. We have implemented a Stimulated Emission Depletion (STED) microscope to image single dye, cell, and tissue samples with 50-80 nm resolution. First, we compare the STED performance imaging single molecules of several common dyes and report a novel STED dye. Then we apply STED to image planar cell polarity protein complexes in intact fixed Drosophila tissue for the first time. Finally, we present a preliminary study of the centrosomal protein Cep164 in mammalian cells. Our images suggest that Cep164 is arranged in a nine-fold symmetric pattern around the centriole, consistent with findings suggested by cryoelectron tomography. Our work demonstrates that STED microscopy can be used for superresolution imaging in intact tissue and provides ultrastructural information in biological samples as an alternative to immuno-electron microscopy.
INTRODUCTION
Almost all biological fluorescence microscopy in the visible is restricted to the diffraction limit of resolution of ~200 nm, which is too large to resolve many processes in the cell below the organelle level 1 . In 2008, Nature Methods awarded the Method of the Year to super-resolution microscopy, a set of imaging approaches that allow the "visualization of cellular structures smaller than can be visualized with conventional microscopy" which is poised to "revolutionize the current understanding of the workings of the cell 2 ". These super-resolution techniques commonly rely on the ability to modulate the fluorescence of the dye, allowing adjacent emitters more closely spaced than the width of the conventional microscope point-spread function (PSF) to be distinguished. Two major approaches have been identified 1, 3 : (F)PALM/STORM type imaging [4] [5] [6] , which we collectively call Single-Molecule Active-Control Microscopy (SMACM), a sequential method requiring active control of the fluorescence of dye labels to maintain the emitting concentration at single-molecule levels followed by PSF localization and image reconstruction [7] [8] , and structured illumination 9 or nonlinear methods including Stimulated Emission Depletion (STED) microscopy 10 , which optically engineer the PSF to be smaller than the diffraction limit by utilizing spatial control of the emission by nonlinear processes.
Due to its ability to non-invasively detect specific sub-cellular objects with optical sectioning to reject out-of-focus background, STED has been successfully employed for immunofluorescence cell imaging 11 , live cell imaging with sectioning of the cell interior 12 , and video-rate imaging of cell dynamics 13 . In addition, for STED microscopy, the resolution enhancement arises intrinsically from a sub-diffraction sized PSF. STED images are not reconstructed from images of photoactivated or photoswitched single dye labels; therefore the STED method excludes image artifacts such as under-sampling of dye labels which may be present in SMACM-type methods. In this paper, we have implemented a home-built Stimulated Emission Depletion (STED) microscope to image single dye, cell, and tissue samples with resolution down to ~50 nm. We characterized the STED performance of single molecules of several common dyes and a novel dye (Section 3), imaged planar cell polarity protein complexes at the intercellular junctions of intact Drosophila wing as a proof-of-principle (Section 4), and initiated studies of the centriolar protein Cep164 in mammalian cells (Section 5). Our work demonstrates that STED microscopy can be used for ultrastructural imaging in biological cell and tissue samples.
STED METHODOLOGY
In a STED microscope, a diffraction-limited excitation focus pumping the S 0 -S 1 transition is overlaid with a red-shifted donut-shaped STED focus designed to deplete the singlet excited S 1 level via stimulated emission at the periphery of the excitation spot 14 . The stimulated emission light is not used for imaging, rather the desired signal comes from those emitters who were allowed to emit normally at the dark center of the STED donut. The excitation wavelength is chosen to be near the dye's absorption maximum for most efficient excitation, the STED wavelength is tuned to the red tail of the emission spectrum and carefully filtered out from the detection path, and the fluorescence is collected in between 14 .
The choice of STED wavelength λ STED is crucial and usually empirically determined on a dye-to-dye basis. Tuning the intense STED beam too blue will result in direct absorption from S 0 to S 1 via weakly absorbing intermediate states corresponding to the far red tail of the absorption spectrum 15 . As the resulting signal is true fluorescence from S 1 , this background signal due to the STED beam alone cannot be rejected by filtering. Tuning the STED beam too red results in low depletion efficiency and hence poor resolution since the stimulated depletion cross section is proportional to the dye emission spectrum for small changes in wavelength 16 . As the choice of λ STED is a compromise between minimizing undesired absorption and maximizing resolution, a criterion for good STED dye performance is large fluorescence Stokes shift.
Because the residual population of the S 1 fluorescent state, N 1 , is given by where I STED is the STED maximum intensity at the focus and the saturation intensity I S is a dye constant defined as the STED intensity at which the fluorescence has dropped to (1/e) of the initial value, the STED resolution Δr is determined by how well one can saturate the depletion transition 17 :
where λ is the wavelength and nsinα is the numerical aperture for imaging index n. In theory, the limiting factor to resolution is the intensity I STED applied to the dye. However, as STED is a scanning technique, to generate an image, each dye molecule is typically exposed to ~10 6 excitation-STED pulses or ~10 18 photons of the STED beam with peak I STED of GWcm -2 . Hence another requirement of a good STED dye is photostability against the successive cycling by the intense excitation-STED beams. A common bleaching pathway is absorption of the STED beam from S 1 to S n states and/or possible triplet state generation. Hofkens and coworkers showed that for two similar rylene dyes with similar spectra, their performance as STED dyes crucially depended on their robustness against STED pumping in the S n manifold 18 . A more pervasive photobleaching pathway is via triplet and dark states as these states tend to be long-lived (~microsecond lifetimes). Bleaching via these states can be prevented by waiting for relaxation to S 0 before re-excitation as in Triplet-Relaxation STED 19 These image from this rel ratio. Thus w whole tissue.
5.
The centroso surrounding around the c results in ea centriole is d near the end microtubules appendages 27 In collaborat arranged in a nm (Fig. 4) ep164 is of ~130 k-to-peak nd distal appendages are approximately 100 nm long with a 20 nm diameter 28 . Thus given our STED resolution, the observed ultrastructure of Cep164 is consistent with its localization to distal appendages observed in immuno-electron microscopy images.
As mentioned, STED images are not reconstructed from photoactivated dye labels; therefore STED excludes image artifacts such as under-sampling of dye labels which may be present in SMACM-type methods. Under-sampling artifacts may lead to false measurements especially in the case of cluster analysis of Cep164 structures. At the same time, a disadvantage is that our current resolution may not be as high as some other methods. Obviously, the proper choice of super-resolution method must be made for the system of interest as each method has its strengths and weaknesses. Our result demonstrates that super-resolution microscopy can be used to obtain ultrastructural information about molecular components of the centrosome, as an alternative to the complexity of immuno-electron microscopy and the potential interfering artifacts that can arise from metallic enhancement procedures.
CONCLUSION
We have implemented a STED microscope to study single-molecule, cell, and tissue samples with resolution down to 50 nm, taking advantage of STED's optical sectioning and representative dye sampling capabilities to generate superresolution images with high labeling concentration. In our hands, we find that STED performance strongly depends on the choice of the dye, with DNQDI giving the best resolution. More studies are in progress to investigate and optimize other parameters such as the STED wavelength and molecular environment. We have directly demonstrated that STED is a useful super-resolution technique to probe sub-cellular organelles in intact tissue. Lastly, we have obtained ultrastructural information about the molecular components of the centrosome, demonstrating that STED can be used as an alternative to immuno-electron microscopy.
